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ABSTRACT OF THE THESIS 

Fabrication of a porous anode with continuous linear pores by using unidirectional carbon fibers 

as sacrificial templates to improve the performance of solid oxide fuel cell 

by 

Carson Cheung 

Master of Science in Materials Science and Engineering 

University of California San Diego, 2018 

Professor Olivia A. Graeve, Chair 

In order to improve the performance of solid oxide fuel cell (SOFC), both micro-scaled 

continuous linear pore (CLP) and nano-sized interparticle pore structures were created inside of 

the NiO-YSZ anode by thermal decomposition of unidirectional carbon fibers in green body during 

sintering under air atmosphere. A comprehensive analysis of the prepared sample was performed 

by scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) mapping, x-ray 

diffraction (XRD), and thermogravimetric analysis (TGA) to explain how the CLP structure forms 

during sintering. The CLP structure prepared by this low-cost sacrificial templating method is 

characterized by its controllable uniform size in microscale and a tortuosity value of 1.003 

(coefficient of variation, CV: 0.59). Further discussion proposes that the optimized combination 



xii 

 

of the micro-scaled CLP and the nano-sized interparticle pore structures in an anode would be an 

ideal candidate to maximize the performance of SOFC by maximizing active triple phase 

boundary sites, minimizing Knudsen diffusion, and improving gas transports. 
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Chapter 1 

Introduction 

This chapter details the fundamentals of SOFCs, the fabrication methods of SOFCs, the 

problems with traditional SOFC anodes, the fabrication methods other researchers have employed 

to improve the gas transport in SOFC electrodes, and the proposed design of this study to create 

continuous linear pore structures in the NiO-YSZ SOFC anode to improve gas transport.  

 

1.1 Introduction to fuel cells  

Fuel cells are devices that use an electrochemical process to convert gaseous fuels 

(hydrogen or natural gas) directly into electrical energy. They offer a combination of high chemical 

to electrical conversion efficiency and low emission gases such as hydrocarbons, sulfur and 

nitrogen oxides [1]. This is an environmental advantage over modern methods of power generation 

and makes it a strong candidate for future green energy production. Fuel cells are like batteries by 

operation and components; they both have an anode, an electrolyte, and a cathode. Furthermore, 

because fuel cells produce electricity solely from the electrochemical process, they do not have a 

combustion reaction and are not considered heat engines. Therefore, they are not governed by the 

Carnot cycle efficiency [2].  
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1.1.2 Types of fuel cells 

As seen in Table 1, there are five main types of fuel cells and they are all characterized by 

their electrolyte [1, 3, 4]. Because all fuel cells have around the same efficiency, practicality is a 

major indicator for the usability of a fuel cell. For example, alkaline fuel cells (AFC) require pure 

hydrogen as fuel because carbon monoxide and carbon dioxide inhibit the alkaline solution 

electrolyte from catalyzing the electrochemical process. However, pure hydrogen is not easily 

attained due to problems with hydrogen storage. Similarly, the polymer electrolyte membrane fuel 

cell (PEM) requires the absence of carbon monoxide and needs an expensive processor to remove 

them [1]. Phosphoric acid fuel cell (PAFC) is an improvement from the AFC and can function 

with any hydrocarbons. Molten carbonate fuel cells (MCFC) and solid oxide fuel cells (SOFC) are 

the most practical due to their ability to directly use commonplace natural gases such as methane 

for fuel.  
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Table 1. Types of Fuel Cells [3-5] 

      

Type of Fuel Cell Electrolyte Fuel Oxidant Efficiency 

Alkaline Fuel Cell (AFC) 
Potassium 

hydroxide 

Pure hydrogen, 

or hydrazine 

liquid methanol 

Oxygen/Air 50-55% 

Phosphoric Acid Fuel Cell (PAFC) Phosphoric Acid 

Hydrogen from 

hydrocarbons 

and alcohol 

Oxygen/Air 40-50% 

Polymer Electrolyte Membrane Fuel 

Cell (PEM) 

Conducting 

polymer 

membrane 

Less pure 

hydrogen from 

hydrocarbons 

or methanol 

Oxygen/Air 40-50% 

Molten Carbonate Fuel Cells 

Molten salt such 

as nitrate, 

sulphate, 

carbonates 

Hydrogen, 

carbon 

monoxide, 

natural gas, 

propane, 

marine diesel 

Oxygen/Air 50-60% 

Solid Oxide Fuel Cells 

Ceramic 

(example: 

stabilized 

zirconia and 

doped 

perovskite) 

Natural gas or 

propane 
Oxygen/Air 45-60% 

 

1.2.1 The advantages of SOFC 

SOFC utilizes a solid ceramic electrolyte and is only operational at temperatures of 750 °C 

to 1000 °C. The high operating temperature and the ability of the SOFC to use carbon monoxide 

as fuel allows natural gases like methane to be used as fuel. This can be depicted from the reaction 

[15]: 

𝐶𝐻4 + 𝐻2𝑂 → 𝐶𝑂 + 3𝐻2 
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Methane and other hydrocarbon fuels are usually mixed with steam when they are fed into the 

SOFC. This produces both carbon monoxide and hydrogen gas to be used in the main 

electrochemical reaction [1-5]:  

𝐶𝑂 + 𝐻2 → 𝐻2𝑂 + 𝐶𝑂2 + ℎ𝑒𝑎𝑡 

The product water from this reaction can then be recycled to mix with any incoming hydrocarbons. 

This is tremendously efficient because it eliminates the dangers of carbon monoxide emissions and 

it allows the SOFC to have useful high-quality heat byproducts for cogeneration. Cogeneration is 

the production of heating, and cooling along with the production of electricity [6]. Furthermore, 

SOFC is quiet and vibration-free; this eliminates noise problems usually associated with standard 

power generation systems [7].  

 

1.2.2 Operations of SOFC 

All three components are porous oxide ceramics to allow inlet gases on both sides to flow 

through the device and permit the electrochemical process to take place. The cell is fabricated by 

sandwiching a dense ceramic electrolyte between two porous ceramic electrodes. The operation of 

SOFC begins by heating the cell up to 750 °C to 1000°C [8]. This is the optimal temperature range 

for typical YSZ electrolyte based SOFC for maximum transport and catalytic activity [9]. Figure 

1 depicts the simple case where hydrogen gas and oxygen gas are used as reactants and flowed 

into the SOFC electrodes. Hydrogen fuel in the anode becomes oxidized into hydrogen ions by the 

anode material; the hydrogen ions are then transported to the electrochemical reaction sites through 

a percolating network of anode phases. On the other hand, the oxygen gas in the cathode is reduced 

and the oxygen ions are transported to the electrolyte through a percolating network of electrolyte 

phases. Because of the elevated temperatures, the electrolyte has a high enough ionic conductivity 
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to transport oxygen ions from the cathode to the anode. Oxygen then is finally transported into the 

anode-electrolyte interface and into the electrochemical reaction sites, where water is formed to 

complete the electrochemical reaction. This reaction produces heat, water, and electrons. The 

electrons are then carried from the anode into an external circuit where they are collected.  

 

Figure 1. A schematic of an operating SOFC [9]. 

 

1.2.3 Electrolyte 

Material selection of the electrolyte is critical towards the fabrication of the ideal SOFC. 

Firstly, the electrolyte needs to be an oxide that has a chemical stability to both reducing and 

oxidizing atmospheres delivered through the electrodes [10]. Secondly, it must have low electrical 

conductivity and high density to prevent the loss of generated currents.  Most importantly, the 

electrolyte must have high ionic conductivity for oxygen ion transport [11]. Additionally, a thin 

thickness electrolyte dramatically increases the ionic transport by decreasing the distance of the 
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ionic path; this feature also decreases the operation temperature [12, 13]. Yttria-stabilized zirconia 

(YSZ) is the state-of-the-art electrolyte that fulfills all these requirements [8, 11, 14]. Zirconia 

requires an yttria dopant to maintain the cubic phase. This is necessary because the monoclinic 

phase dominates at room temperature and the monoclinic phase does not have a high ionic 

conductivity [10]. Cubic YSZ with 8 mol% yttria is the ideal composition because it yields the 

highest ionic conductivity and is the lowest concentration needed to stabilize zirconia [11].  

 

1.2.4 Anode 

The criteria for an anode are as follow: is electrically conductive, is chemically and 

thermally stable during fabrication and operation, can catalyze the oxidation of fuels, has the same 

thermal expansion coefficient as the other SOFC components, has porosity for gas flow, and 

provides an adequate amount of mechanical strength to act as the mechanical support for the whole 

SOFC [11, 15]. Ni-YSZ is the most popular candidate in terms of adequately fulfilling all these 

requirements. Ni-YSZ is a cermet material or composite materials made from sintering ceramics 

and metals together. This allows the material to have both the hardness and thermal durability of 

the ceramic, and electrical conductivity of the metal. Furthermore, by forming a cermet, the YSZ 

decreases the coefficient of thermal expansion (CTE) of the anode [11]. This causes the anode to 

be even more compatible with the YSZ electrolyte during high-temperature operations.  

Addition of YSZ in the anode also increases the amount of oxidation reaction sites in the 

anode called triple phase boundaries (TPB). Figure 2 shows that the TPB is the interface where 

Ni, YSZ, and pores meet. The Ni is the electron conduction pathway that delivers electrons out of 

the anode. The YSZ is the ion conduction pathway that brings oxygen ions to the anodic reaction. 
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The pores are the pathways that transport the hydrogen gas for oxidation. By incorporating YSZ 

in the anode, the creation of TPBs is not restricted at the anode-electrolyte interface and the YSZ 

ion conduction pathways extends in to the anode [11, 15].  

 

Figure 2. A schematic diagram of Ni-YSZ triple phase boundaries (TPB). The red dots denote the 

TPB. The white space represents the open pores where hydrogen gas travels through.   

 

1.2.5 Cathode 

The criteria for the cathode are like the anode in that it must be porous, electrically 

conductive and closely match the thermal expansion coefficient of the electrolyte [11, 14]. The 

cathode also needs to be able to catalyze the reduction of oxygen from the input air. Also, since 

metals are generally oxidized when exposed to air at high temperatures, a ceramic-based material 

needs to be selected [11]. Strontium or calcium-doped lanthanum manganite (LaMnO3) or non-
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stoichiometric lanthanum manganite is extensively chosen to fulfill these requirements [11, 14]. 

Rhombohedral strontium doped lanthanum manganite is the most widely used cathode. It is written 

as, La1-xSrxMnO3, where 0 ≤ x ≤ 0.5. The ideal composition of an SOFC component is when x = 

0.1 – 0.2; this allows the cathode to have both high electrical conductivity and maintain mechanical 

and chemical stability with the YSZ electrolyte [11, 14].  

 

1.2.6 Interconnect 

Interconnects are used for the electrical contact between the anode of one cell and the 

cathode of another. This separator acts as a physical barrier that protects the cathode or anode of 

one cell from the reducing or oxidizing environment, respectively, from the other cell. Because of 

these requirements, an interconnect needs to withstand both reducing and oxidizing conditions.  

Doped lanthanum chromite (LaCrO3) is typically selected for its high compatibility with the 

electrode materials and high electronic conductivity for the accumulation of electricity from all the 

cells [11]. 

 

1.2.7 SOFC stacking configurations 

There are two types of SOFC stacking configurations: the planar design and tubular design 

[9]. For the planar design, cells are made into flat disks rectangular or square plates. The cells are 

then sandwiched by two interconnects as seen in Figure 3. For the tubular design, as seen in figure 

4, the electrodes and the electrolytes are made into long porous tubes. It is configured so that an 

electrolyte tube is layered on top of one of the electrodes. The other electrode is then layered on 

top of the electrolyte. Even though tubular designs are favorable for their portability, planar 
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designs are popular for their advantages in power density and ease of fabrication. Furthermore, as 

depicted in figure 5, SOFC can be electrode-supported or electrolyte-supported SOFC. Electrolyte-

supported SOFC has the advantage of being easier to process. However, electrode-supported 

SOFC are more widely used due to the thinner electrolyte in the design. This provides a lower 

electrolyte ohmic resistance and allows the SOFC to operate at lower temperatures [9, 11, 12, 14].   

 

Figure 3. Planar Design of SOFC [9]. 
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Figure 4. Tubular Design of SOFC [9]. 

 

 

Figure 5. Electrolyte-supported SOFC (left) and electrode-supported SOFC (right) [9]. 

  

1.3 Slip casting  

Slip casting is the traditional method used for ceramic processing. The ceramic powders 

can be processed into a slurry or slip by mixing it with water and additives that influence the 

suspension stability [16]. This slip is then poured into a plaster mold (gypsum mold) that contains 

a tube- or plate-shaped cavity. Once poured, the slip begins to dry as the water in the slurry is 

absorbed by the surrounding gypsum mold. This is due to water’s capillary action which drives it 

to travel through the small pores distributed throughout the gypsum mold [17]. As the water 

escapes, a cast is formed around the inside of the mold walls and the slip dries over time. The green 
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body is then successfully processed and is detached from the mold. The resulting green body is be 

sintered to produce the desired SOFC component.  

 

1.4 Slip preparation 

The slip or slurry preparation is a crucial step in developing an efficiently molded ceramic. 

Colloidal stability is the most critical requirement for a quality slip; it is attained with high solid 

loading and adding dispersants or deflocculants [18, 19]. Colloidal stability is a state in which a 

solution contains a material or powder that is suspended evenly throughout a liquid medium. 

However, this stability cannot be achieved unless the interparticle forces between the ceramic 

particles are altered. This is because, normally when ceramic particles are mixed together in water, 

immediate agglomeration of the solid ceramics contents occurs [20]. One method to change the 

interparticle forces is by adjusting the pH and disturbing the electrostatic attractive forces between 

particles created by a polar liquid [21 ]. Another method is the incorporation of an additive such as 

a deflocculant or dispersant [22]. The deflocculant acts as a repulsive barrier between the particles 

and allow particles to suspend in the slip on their own. Once the particles are evenly separated 

throughout the slip, colloidal stability is reached. Other additives aside from dispersants are binders 

and plasticizer; they are added for the improvement of mechanical handling after the green body 

has casted [17, 23].   

 

1.5.1 Sintering 

Sintering is the final process for the fabrication of a solid ceramic component. It is the 

densification process by which the green particle compacts merge together because of the applied 
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heat in a high temperature furnace [17]. It also decreases the amount of porosity. The mechanisms 

that drive this process are surface diffusion and viscous flow; the driving force for both 

mechanisms is the decrease in surface energy [24, 25]. There are three stages of sintering. The 

“initial stage” is when the particles attain enough mobility to orient themselves in a way that 

increases the number of points of contact between each other. As a result, bonds between particles 

begin to form and necking initiates [17, 25]. The “second stage” or “intermediate stage” is the 

onset of pore elimination and grain growth. Grain is the name given to the crystalline particles 

after sintering has started. At this stage, a 3D network of continuously merged particles and 5-10% 

porosity is left [25]. During the “final stage”, the remaining pores are eliminated as the grains 

finish growing.  

 

1.5.2 Pore forming agents (PFA) and carbon fiber 

 The addition of pore-forming agents (PFA) to slips has become a popular procedure for the 

fabrication and tuning of pores in ceramics. This is done by first incorporating the PFA either by 

dispersing and mixing PFA powders during the slip preparation or by processing it into the green 

body during the shaping/casting phase [26]. Then, the PFAs undergo pyrolysis during the initial 

sintering step, where the ceramic particles begin to sinter around the PFAs and generate pores with 

shapes identical to that of the PFAs [27]. Because it requires a lot more surface energy to stimulate 

enough densification to close off the large PFA-shaped voids, they are retained throughout the rest 

of the sintering process [27]. Organic and pure carbon powders, such as polyethylene and graphite, 

are primary candidates to act as PFAs [26, 27]. This is due to their rigidity in their shapes and 

adequately low pyrolysis temperatures.  
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  Sharing similar chemical properties as graphite, carbon fiber is a quality candidate as a 

PFA [28]. It is seen in table 2 that it can have a diameter of between 5-11 μm, a substantially high 

Young’s modulus, and low thermal expansion. Tranchard et al. reported that carbon fiber begins 

to decompose at the temperature range of 400-500 °C [29]. Carbon fibers can be processed into 

tows, tapes, and even fabrics depending on the application [28]. For this study, unidirectional 

carbon fiber fabric will be the PFA because it is composed of a two-dimensional array of carbon 

fibers with the same orientation.  

 

 

1.6.1 Scanning electron microscopy Scanning electron microscopy (SEM) is one of the 

best characterization techniques for the imaging of the surface of microstructures. It has the same 

basic methodology as optical microscopy; a beam of a certain wavelength is discharged on a 

sample, the sample is then magnified by lenses, and consequently imaged [30]. The difference is 

SEM utilizes an electron beam instead of a light source and electromagnetic lenses instead of 

optical lenses. This is because of the resolution limit set by the wavelength of light (400 nm); a 

Table 2. Properties of carbon fibers made from different precursors [28] 

 Precursors 

Properties, units PAN Pitch Rayon 

Fiber diameter, μm 5 – 8 10 - 11 6.5 

Young’s Modulus, GPa 230 – 595 170 - 

980 

415 - 

550 

Coefficient of thermal expansion 
   

    Axial, 10-6 m/°C -0.75 to -0.4 -1.6 to 

-0.9 

- 

    Transverse, 10-6 /°C 7 – 10 7.8 - 
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wavelength that cannot resolve images less than 220 nm [30]. A 100-kV electron beam has a much 

smaller wavelength (0.037 angstroms) and can image details in the nanometer range. The electron 

beam is focused through a series of electromagnetic lenses which have scattering interactions with 

the sample. By using a series of electron scattering detectors, an image on a computer can be 

rendered according to where the detectors are hit.  

 

1.6.2 Energy dispersive X-ray spectroscopy (EDS) 

Energy Dispersive X-ray Spectroscopy (EDS) is a technique used to analyze elemental 

composition. The Rutherford-Bohr model of the atom governs that at ground state, the number of 

orbitals closest to the nucleus are filled according to the number of protons (denoted Z) [31]. 

Orbitals closest to the nucleus are first filled; once one inner shell is filled, a shell orbiting that 

shell is then filled. When an electron probe collides with one of these orbital electrons, it gets 

scattered out of the ground state orbital, excites to a higher orbital shell, and produces a vacancy 

in the inner orbit. An x-ray is released when the excited electron relaxes back to their original 

ground state shell [31]. The x-ray energies emitted are different for each Z element because they 

each have distinctive amounts of electron orbital levels filled. With the implementation of a pulse 

height analyzer, these energies can be detected, characterized, and matched to their respective 

elements.  

 

1.6.3 X-ray diffraction (XRD) 

X-ray Diffraction is a technique used to characterize the composition and crystal structure 

of crystalline materials. Crystalline materials each have different crystal structures and each 



15 

 

crystal structure have a distinct set of Miller indices [32]. Miller indices are the reciprocal 

integers that detail a set of planes that are unique to each specific crystal structure. Furthermore, 

each crystal structure has a set of interplanar distance called d-spacing. Using d-spacing, the 

XRD can characterize the composition of different crystal structures in a certain sample. When 

an x-ray is directed towards a sample, multiple beams strike the sample and scatter at certain 

angles. If two beams scatter at the same angle, a constructive interference between the two x-rays 

is exhibited and Bragg’s law is satisfied. Bragg’s law can be described in the equation [32]: 

2𝑑𝑠𝑖𝑛(𝜃) = 𝑛𝜆  

This equation illustrates that there exists a characteristic plane with interplanar distance d which 

scatters the x-rays at an angle θ. When the x-rays are scattered in a way that causes the two beams 

to behave constructively, no matter what magnitude n of the radiation wavelength λ, the Bragg’s 

condition is satisfied. The XRD uses this principle to analyze the crystal structure and composition 

of a crystalline sample.  

 

1.6.4 Thermogravimetric analysis 

TGA is an analytical technique used to determine the change in mass by the effects of 

temperature change. It utilizes a dual component device called a thermo-balance; a device that has 

both an analytical scale and a furnace. Samples are put into the machine and temperature 

parameters, such as heating rate and holding temperature, are inputted into the system [33]. The 

type of atmosphere can also be changed to either inert gases, like nitrogen, argon and helium, or 

reactive gases, like oxygen, hydrogen, and carbon dioxide. During heating or cooling, the TGA 
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keeps track of the mass loss or gain and records it on a plot. Once the run is over, an integral curve 

is plotted to analyze trends such as mass versus temperature and mass versus time.  

 

1.7.1 Electrochemistry and overpotential of SOFC 

Overpotentials, or polarizations, in the SOFCs electrochemistry are losses in voltage 

caused by deficiencies in the design, material, or microstructure of the SOFC components. They 

are closely analyzed to determine the final cell potential of an operating fuel cell. The three 

activation potentials are: activation overpotential, ohmic overpotential, and concentration 

overpotential [4, 34].  

 

1.7.2 Electrochemical reactions, triple Phase Boundary, and activation 

overpotential 

 To fully model the activation overpotential and electrochemical process of SOFC, it is 

important to consider the transfer of chemical species and charge transfer that occur at the 

electrodes. The following equations detail the ion transfer and oxidation reaction that facilitate the 

anode’s charge transfer process [4, 34]:  

1) Overall Equation:  

𝐻2 + 𝑂
2− ⟺𝐻2𝑂 + 2𝑒

− (Step 1) 

2) Adsorption/chemisorption of hydrogen at anode surface:  

𝐻2(𝑏𝑢𝑙𝑘) + (𝑎𝑛𝑜𝑑𝑒, 𝑠𝑢𝑟𝑓𝑎𝑐𝑒) + (𝑎𝑛𝑜𝑑𝑒, 𝑠𝑢𝑟𝑓𝑎𝑐𝑒) ⟺ 𝐻(𝑎𝑛𝑜𝑑𝑒, 𝑠𝑢𝑟𝑓𝑎𝑐𝑒) +

𝐻(𝑎𝑛𝑜𝑑𝑒, 𝑠𝑢𝑟𝑓𝑎𝑐𝑒) (Step 2) 
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3) Ion and electron transfer at Triple Phase Boundary (TPB):  

𝐻(𝑎𝑛𝑜𝑑𝑒, 𝑇𝑃𝐵) + 𝑂2−(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒, 𝑇𝑃𝐵) ⟺ (𝑎𝑛𝑜𝑑𝑒, 𝑇𝑃𝐵) + 𝑂𝐻−(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒, 𝑇𝑃𝐵) +

𝑒−(𝑎𝑛𝑜𝑑𝑒, 𝑇𝑃𝐵) (Step 3) 

𝐻(𝑎𝑛𝑜𝑑𝑒, 𝑇𝑃𝐵) + 𝑂𝐻−(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒, 𝑇𝑃𝐵) ⟺ (𝑎𝑛𝑜𝑑𝑒, 𝑇𝑃𝐵) + 𝐻2𝑂(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒, 𝑇𝑃𝐵) +

𝑒−(𝑎𝑛𝑜𝑑𝑒, 𝑇𝑃𝐵)  (Step 4)  

4) Adsorption/Desorption of H2O on YSZ surface: 

𝐻2𝑂(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒, 𝑇𝑃𝐵) ⟺ 𝐻2𝑂 + (𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒, 𝑇𝑃𝐵) (Step 5) 

5) Oxygen ion diffusion from surface to bulk YSZ: 

𝑉𝑂
∗∗(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒, 𝑏𝑢𝑙𝑘) + 𝑂2−(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒, 𝑇𝑃𝐵) ⟺ (𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒, 𝑇𝑃𝐵) +

𝑂𝑂
𝑥(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒, 𝑏𝑢𝑙𝑘) (Step 6) 

Like the oxidation of 𝐻2, the oxygen reduction process also requires a multi-step mechanism [4, 

34]: 

1) Overall Equation: 

1

2
𝑂2 + 𝑉𝑂

∗∗(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒, 𝑏𝑢𝑙𝑘) + 2𝑒− ⟺ 𝑂𝑂
𝑥(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒, 𝑏𝑢𝑙𝑘) (Step 7) 

2) Adsorption/chemisorption of oxygen at cathode surface:  

𝑂2 + (𝑐𝑎𝑡ℎ𝑜𝑑𝑒) + (𝑐𝑎𝑡ℎ𝑜𝑑𝑒) ⟺ 𝑂(𝑐𝑎𝑡ℎ𝑜𝑑𝑒) + 𝑂(𝑐𝑎𝑡ℎ𝑜𝑑𝑒) (Step 8) 

3) Diffusion of oxygen ions to TPB: 

𝑂(𝑐𝑎𝑡ℎ𝑜𝑑𝑒, 𝑠𝑢𝑟𝑓𝑎𝑐𝑒) ⟺ 𝑂(𝑐𝑎𝑡ℎ𝑜𝑑𝑒, 𝑇𝑃𝐵) (Step 9) 

𝑂(𝑐𝑎𝑡ℎ𝑜𝑑𝑒, 𝑇𝑃𝐵) ⟺ 𝑂(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒, 𝑇𝑃𝐵) (Step 10) 

4) Diffusion of oxygen ions from TPB to electrolyte bulk 
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𝑂(𝑇𝑃𝐵) + 𝑉𝑂
∗∗(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒, 𝑏𝑢𝑙𝑘) ⟺ 𝑂𝑂

𝑥(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒, 𝑏𝑢𝑙𝑘) + (𝑇𝑃𝐵) (Step 11) 

The notations in parenthesis denote the surface on which certain species are attached to. O(TPB) 

represents an oxygen atom attached to the TPB, whereas (TPB) represents an empty TPB site. 

𝑉𝑂
∗∗(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) denotes an oxygen vacancy on the electrolyte surface and 𝑂𝑂

𝑥(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒,

𝑏𝑢𝑙𝑘) denotes a lattice oxygen in the electrolyte.  

Activation over-potential is the energy required to catalyze the charge transfer process. It 

is also the amount of additional potential needed to drive the electrochemical process past the 

equilibrium to allow current to start flowing. According to Zhu et al. and Bessler et al., step 4 is 

the rate determining step. Taking this into consideration, the activation potential current density 

takes on the form of: 

𝑖 = 𝑖0 [exp (⍺𝑎
𝑛𝑒𝐹𝜂𝑎𝑐𝑡
𝑅𝑇

) − exp (−⍺𝑐
𝑛𝑒𝐹𝜂𝑎𝑐𝑡
𝑅𝑇

)] 

𝑖0 is the exchange current density; it is a function of species concentration, which depends on the 

temperature and chemical composition [4]. 𝛼𝑎 and 𝛼𝑐 are charge transfer coefficients and follow 

the relation: 𝛼𝑎 + 𝛼𝑐 = 1 . 𝛼 is the degree of symmetry exhibited the activation barrier; a 

symmetric reaction yields 𝛼 = 0.5 [44].  𝑛𝑒 is the number of electrons. F is Faraday’s constant. 

𝜂𝑎𝑐𝑡 is the activation potential.  

 

1.7.3 Ohmic overpotential 

The Ohmic overpotential is the ionic resistance of the electrolyte material. With respect to 

current density, this overpotential can be expressed as: 𝜂𝑜ℎ𝑚 = 𝑖𝑅𝑡𝑜𝑡 . 𝜂𝑜ℎ𝑚  is the ohmic 
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overpotential, i is the current density and 𝑅𝑡𝑜𝑡 is the total cell resistance. 𝑅𝑡𝑜𝑡 is composed of all 

the resistances from each individual cell component [34]:  

𝑅𝑡𝑜𝑡 = 𝜌𝑒𝑙𝑒 + 𝜌𝑎𝑙𝑎 + 𝜌𝑐𝑙𝑐 + 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 

ρe, ρa, and ρc are specific electrical resistance of the electrolyte, anode, and cathode respectively. l 

le, la, and lp are the thickness of the electrolyte, anode, and cathode respectively. Rcontact is the 

resistance of any contact in the system and depends on the quality of adherence between the anode 

and the electrolyte. 

 

1.7.4 Concentration overpotential 

 Concentration overpotential or mass potential loss is a result of the reactant concentration 

changes that occur at the electrode/electrolyte interface. Changes in concentration at the interface 

are caused by the increased conversion of the reactants into products. Therefore, the concentration 

loss is attributed to the gas concentration difference between the electrode surface and the 

electrode/electrolyte interface [4]. This interface can be called the catalytic because it is the area 

where TPB reaction sites are prominent. This overpotential is dictated by the porosity and 

microstructure of the electrode. According to Chen et al. and assuming equimolar counter diffusion 

and H2 as fuel, the concentration overpotential can be expressed as [4]:  

𝜂𝑐𝑜𝑛𝑐,𝑎 = −
𝑅𝑇

2𝐹
ln [

1−(
𝑅𝑇

2𝐹
)(

𝑙𝑎

𝐷𝑒𝑝𝐻2
𝐼 )𝑖

1+(
𝑅𝑇

2𝐹
)(

𝑙𝑎

𝐷𝑒𝑝𝐻2𝑂
𝐼 )𝑖

], 
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𝜂𝑐𝑜𝑛𝑐,𝑐 = −
𝑅𝑇

4𝐹
ln

{
 
 

 
 [(

𝑝𝑐
𝛿𝑂2

) − ((
𝑝𝑐
𝛿𝑂2

) − 𝑝𝑂2
𝐼 )] exp [(

𝑅𝑇
4𝐹) (

𝛿𝑂2𝑙𝑐
𝐷𝑒𝑝𝑐

) 𝑖]

𝑝𝑂2
𝑖

}
 
 

 
 

 

Here, De is the effective diffusion coefficient, 𝑝𝑖
𝐼 is the partial pressure of the gaseous chemical 

species at the inlet, 𝑝𝑎 is the partial pressure in the anode, 𝑝𝑐 is the partial pressure in the cathode, 

𝛿𝑖 is the  𝑙𝑎 and 𝑙𝑐 are the thickness of anode and cathode, respectively. De is formulated as:  

𝐷𝑒 =
𝜀

𝜏2
𝐷𝑏𝑢𝑙𝑘 

ε represents the porosity of the system, τ is the tortuosity of the system, τ 2 is the tortuosity factor 

and Dbulk is the bulk diffusion coefficient of the inlet gas [35]. Tortuosity in porous structures is 

depicted in figure 6 and can be derived as [36]:  

𝜏 =
∆𝑙

∆𝑥
 

Therefore, the tortuosity of a system can be defined as the degree of directness between two points. 

The amount of current density produced during an operating fuel cell at steady-state is formulated 

as [37]: 

𝑗 =
𝑛𝐹𝐷𝑒(𝑐𝑅

∗ − 𝑐𝑅
0)

𝛿
 

In this equation, 𝑛 is the number of electrons, F is the Faraday constant, 𝛿 is the thickness of the 

electrode, 𝑐𝑅
∗  n is the concentration of reactants at the reaction interface, and 𝑐𝑅

0 is the concentration 

of reactants in the bulk gas at the electrode surface. This equation indicates that an increase in 

current density requires a larger concentration of reactants and an increase in gas pressure. An 
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alternative to this is by decreasing 𝐷𝑒 . This can be done by either increasing the porosity or 

decreasing the tortuosity of the porous system. The main goal of this thesis is to focus on decreasing 

the tortuosity parameter by creating direct linear pathways for the inlet gas. 

 

Figure 6. Schematic for the derivation of tortuosity.  

 

1.7.5 Overall cell potential and Nernst potential 

The overall cell potential or operating potential of the cell is a result of the culminated 

differences of the above overpotential losses that occur in different parts of the fuel cell. This final 

potential can be written as a function of local density current i [4]:  

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑟𝑒𝑣 − 𝜂𝑎(𝑖) − |𝜂𝑐(𝑖)| − 𝜂𝑜ℎ𝑚(𝑖) − 𝜂𝑐𝑜𝑛𝑐(𝑖) 

In this equation the ηa, ηc, ηohm, and ηconc are the variables for anode activation loss, cathode 

activation loss, Ohmic overpotential, and concentration overpotential. Erev is called the Nernst 
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potential or open circuit voltage. This is the maximum possible potential which the cell can 

produce operating reversibly. In the case of hydrogen oxidation, the Nernst potential can be 

calculated using the Nernst equation [4]: 

𝐸𝑟𝑒𝑣 = 𝐸0 +
𝑅𝑇

2𝐹
ln(

𝑝𝐻2,𝑎𝑝𝑂2,𝑐

1
2

𝑝𝐻2𝑂,𝑎
) 

 

1.8.1 Gas inefficiencies of standard SOFC electrode pores  

 As seen in figure 7, the pore morphology of a traditional SOFC anode is not controlled 

and consists of a percolation of disordered interparticle pore channels. This causes the distance 

taken by the gases to be tortuous or distorted from the ideal. In addition, within the interparticle 

pore channels of the traditional SOFC anode are some areas with nano-sized pores that have high 

specific surface area and play a crucial role to maximize the catalytic activity at TPB sites. 

However, the movement behavior of the gas molecules, which are traveling through a relatively 

long narrow channel with diameter between 2 to 50 nm, follows Knudsen diffusion [38, 39]. In 

this phenomenon, the gas molecules are confined in a narrow channel because the gas molecules 

collide with the narrow pore walls much more frequently than with each other; this results in an 

increase in the mean free path of the gas molecules. Thus, any areas where the size of the 

interparticle pores in an anode is between 2 to 50 nm are, in fact, a bottleneck of gas transport of 

H2 and steam during operation of SOFC. Because of this reason, an anode with only nano-sized 

interparticle pores has performance limitation. 
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Figure 7. Pore morphology of a traditional NiO-YSZ anode. 

 

1.8.2 Pore Engineering to improve gas transport 

 Substantial literatures have demonstrated that the fabrication of anodes with pores 

structures that have low tortuosity and an orientation perpendicular to the inlet surface significantly 

improve the power density of the SOFC. Pan et al. constructed and analyzed an SOFC with small 

increments of cylindrical pores dispersed throughout the anode substrate [40]. The disconnected 

cylindrical pores were formed using “paper-fibers” that was prepared using ash-free filter paper in 

distilled water.  Three Ni-YSZ anode pellet samples were prepared, and each had semi-cylindrical 

pores dispersed within with different alignment orientations. Pan et al. then analyzed the maximum 

power density of the three samples; the pores that were oriented parallel to the gas flow produced 

the highest power density.  

Yoon et al. tested the performance of an anode with conical pores of 225 µm in diameter 

[41]. The pores were “micromachined” by using laser ablation and were orderly oriented parallel 

to the thickness direction or gas flow direction. For analysis, they produced a baseline cell with 



24 

 

random porosity and three micromachined cells. Each micromachined cells are distinguished by 

the distance of the gap between the bottom of the pore channel and the electrolyte: 150 µm, 230 

µm, and 250 µm. A j-v characteristic (current vs voltage) curve of the micromachined cells and a 

baseline cell was then plotted for analysis. It is confirmed that the current density is significantly 

greater for the micromachined cells than the baseline cells. Furthermore, SOFC performance 

increased as the gap distance between pore channel and electrolyte decreased.  

Chen et al. fabricated an anode substrate with long shard like porous structures that 

exhibited low tortuosity [42]. The porous structures were developed using a freeze tape casting 

method. It is a method where a tape-casted green body is immediately freeze-dried to form desired 

porous shapes in the green structure. The current, voltage, and power density analysis 

demonstrated that the anode with the shard-like pores had two times the amount of power density 

than that of a normal tape-casted anode. Furthermore, the tortuosity factor was determined to be 

at a minimum value of 1.3 [42]. Whereas, traditional anodes typically have a value of 1.5 and 4 

[43]. 

 

1.9.1 Thesis proposal: Fabricate continuous linear pores in anode to maximize 

gas transport 

This thesis will focus primarily on the fabrication of linear pores in the anode. To fully 

minimize the distance between the electrolyte and the outer surface of the anode, the linear pores 

need to be parallel to the thickness direction of the electrode. As seen in figure 8, the linear pores 

create a path directly to the electrode-electrolyte interface. An ideal pore system should consist of 

a distribution of nanoscale interparticle pores and microscale continuous linear pores that are well 
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dispersed in the electrodes, have a uniform diameter, and are perpendicular to the inlet surface of 

electrodes [44]. The tortuosity value of ideal linearity of CLP is 1, which means that the linear 

pores are perfectly perpendicular to the inlet surface of electrodes. Most of electrochemical 

reaction occur at TPBs in the nanoscale interparticle pore because of their high specific surface 

area [45, 46]. Although there are also electrochemical reactions at the TPBs on the surface of CLP, 

the major role of CLP is to facilitate the mass transport of hydrogen gas molecules and generated 

steam at TPBs in an anode to maximize the reaction rate at the active TPBs on the overall system. 

Moreover, the microscale characteristic of the CLP further improves mass transport by preventing 

Knudsen diffusion [38, 39]. 

 

Figure 8. NiO-YSZ with both a random distribution of interparticle pores and CLP. 

 

1.9.2 Statement of research 

 It is proposed that the fabrication of a NiO-YSZ with pore structures with continuous linear 

pore structures (CLP) oriented perpendicular to the inlet of the surface and interparticle pores can 

be made by using slip casting with unidirectional carbon fibers as sacrificial template. The 
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complete thermal decomposition of unidirectional carbon fibers during sintering leaves CLP with 

uniform shape and size and has a tortuosity value that is very close to the ideal value of 1. To better 

understand the formation of the CLP in an anode during thermal decomposition, morphology, 

elemental analysis, crystal structure, and thermogravimetric analysis of the CLP are investigated. 

Further discussion will talk about the potential effects of the CLP during SOFC operation in terms 

of active TPBs, Knudsen diffusion, and gas transport trends. 
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Chapter 2 

Experimentals 

2.1 Preparation of a disc-shaped NiO-YSZ anode with a CLP structure 

 Figure 9 depicts the whole procedure of the fabrication of a NiO-YSZ anode with a CLP 

structure. In order to facilitate unidirectional carbon fiber bundles as a sacrificial template and hold 

their perpendicular configuration inside of the green body, we created an assembly mold of a disk-

shaped silicone and a plaster. The role of the disk-shaped silicone is to strongly keep the 

configuration of the unidirectional carbon fiber bundles perpendicular to the top surface of the 

green body. Thus, we used silica-reinforced silicone rubber with hardness of shore 40A because it 

does not deform and is strong enough to hold unidirectional carbon fiber bundles during the whole 

procedure. And, the plaster around the mold assembly absorbs all the water out of the slip during 

slip casting. 

 

 

Figure 9. Schematic procedure of a disc-shaped NiO-YSZ anode with a continuous linear pore 

structure. 
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 First, to prepare a disk-shaped silicone with a diameter of 1.9 cm and a height of 1.27 cm, 

20 mL of precipitated-silica reinforced polydimethylsiloxane (PDMS, TS141, Grace Continental 

Korea Co., Ltd) and 1 wt% of 2,5-bis(tert-butylperoxy)-2,5-dimethylhexane, known as a peroxide 

curing agent (Luperox®, technical grade of 90%, Sigma-Aldrich) is mixed for a while, placed into 

a metal mold, and then cured under pressure at 200 ºC for 20 min [47]. Second, parallel slits with 

dimensions of 0.75 cm x 0.005 cm x 1 cm are created in the middle of the disk mold. Third, the 

unidirectional carbon fiber bundles (CF31x, The Composite Store, Tehachapi) are tightly inserted 

into these slits. Forth, an annular silicone wall (prepared in the same way as the disk-shaped 

silicone mold) with a diameter of 1.9 cm and a thickness of 0.2 cm is placed on the edge of the top 

surface of the disk-typed silicone mold. Fifth, the silicone mold with unidirectional carbon fibers 

and an annular silicone wall is placed in the center of a wooden mold, and plaster mixture of 1:1 

ratio of calcium sulfate dihydrate, known as plaster (gypsum, Plaster of Paris, Craft Smart) and 

water was poured into the wooden mold. After the plaster is completely dried, the mold assembly 

is finally prepared by releasing the assembly from the wooden mold and removing the annular 

silicone wall from that assembly. 

 To prepare the slip, 20 g of NiO-YSZ powder (60 wt% NiO, 40 wt% of 8 mol% yttrium-

stabilized zirconia (Surface Area: 1-4 m2/g, Nexceris) and 3 mL of deionized water are mixed for 

30 min. And, then 50 mg of poly(acrylic acid) water solution (Duramax D-3005, Rohm & Haas) 

as a dispersant is added into the mixture and stirred for 1 hr. Simultaneously, 0.2 g of poly(vinyl 

alcohol) (PVA, Mw: 13k-23k, 98 % hydrolyzed, Sigma Aldrich) as a binder is mixed with 3 mL of 

deionized water at 80 ºC to produce a binder solution [48, 49]. Once dissolved, it is cooled down 

to room temperature and added into the slip mixture. The slip is then stirred for 4 hours. Then, this 
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NiO-YSZ slip is casted into the cavity of the mold assembly until the whole cavity is filled. Once 

the cavity is filled, the slip is left to dry for 12 hr. After that, the green body is removed from the 

mold assembly and sintered at 1200 °C (heating rate of 5 ºC/min) under air atmosphere in a furnace 

for 4 hours [50, 51]. 

 

2.2 Characterization 

All the characterizations in this study were done on NiO-YSZ. We do not cover a reduced 

porous anode in this study. Scanning electron microscopy (SEM, FEI Quanta™ FEG 250, Thermo 

Fisher Scientific™) was performed at the accelerated voltage of 10 kV to image the morphologies 

of all the samples without any sputter coating. To visualize the cross-sectioned continuous linear 

pores of the samples, each sample was fractured through the cross-sectional plane where the linear 

pores are fabricated. The mean diameter, the size distribution, and tortuosity value of the CLPs of 

the final sample were determined from the 300 CLPs of the acquired SEM images. Tortuosity is 

determined by measuring the thickness of the sample and using it as a reference for the shortest 

distance between the top and bottom surfaces. Then, the length of each CLP is measured along its 

midpoint and then the ratio between the pore length and the reference distance is calculated to 

determine the tortuosity value. Energy-dispersive x-ray spectroscopy (EDS) mapping was 

conducted at 20 kV on the top surface and the cross-section of the CLP of the sample to determine 

the elemental phases NiO-YSZ and the TPB sites. X-ray diffraction (D2 PHASER, Bruker) with 

Copper Kα of 1.5418 Å was performed on the raw unidirectional carbon fiber fabric, the mixture 

of NiO-YSZ powders, and the sintered NiO-YSZ to verify whether the final sample contains any 

carbon sources inside. Thermogravimetric analysis (TGA, SDT Q600, TA Instruments) was used 

to analyze the thermal decomposition behavior of carbon fibers in the green body of Ni-YSZ 
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during sintering at a temperature of 1200 ºC with a heating rate of 5 ºC/min and under air 

atmosphere with an air flow rate of 300 mL/min. 

 

 Chapter 2, 3, and 4 are currently being prepared for submission for publication of the 

material. Cheung, Carson; Choi, Seongcheol; Graeve, Olivia A. The thesis author was the primary 

investigator and author of this material.  
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Chapter 3 

Results and discussion 

3.1.1 Morphology of CLPs 

As shown in figure 10 a), the cross-sectioned SEM image shows that the CLPs have been 

successfully constructed in an NiO-YSZ planar anode by using unidirectional carbon fiber bundles 

as a sacrificial template after sintering. As a reference for discussion, the smooth surface is the top 

surface which will be the anode-electrolyte interface and the rough surface is the bottom surface 

where the inlet hydrogen gas will enter. The length of the CLPs in figure 10 a) stretches from the 

top surface to the bottom surface and all CLPs are perpendicular to the surface. Figure 10 b) 

presents the top surface view of the pores of the anode. Each circular-shaped hole is an entrance 

at the surface and is a result of the thorough penetration of the carbon fibers through the anode. 

The SEM image of Figure 10 c) depicts one of the circular entrances on the surface of the anode; 

the mean diameter of these entrances is 7.4 µm (CV: 22.97). Furthermore, it also shows well-

dispersed interparticle pores throughout the sample. Some interparticle pores are on the edge of 

the linear pore; this gives proof that the linear pores combine with the interparticle pore system. 

Figure 10 d) depicts a side view of linear pores near the bottom surface; the linear pores are 

considerably defined. Figure 10 e) presents the side view of the continuous linear pores a high 

magnification at 15k. This SEM image also shows that the interparticle pores are well-distributed 

throughout the wall of the CLPs. the mean diameter of the linear pores at the side view is 6.9 µm 

(CV: 11.35). The linear pore does not show any sign of discontinuity and validates that the whole 

linear pore structure is continuous. Furthermore, interparticle pores are dispersed throughout the 

sample; this gives evidence that the sintering parameters are successful in creating interparticle 
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pores. Also, there are interparticle pores on the inner walls of the linear pores; this adds further 

proof that the linear pores combine with the interparticle pore system. It is clear from these findings 

that the linear pores are continuous pathways from the top surface to the bottom surface. Also, it 

is evident that these continuous pathways connect with the interparticle pore system. 

 

 

Figure 10. Scanning electron microscopy images of a porous NiO-YSZ anode with continuous 

linear pores: a) cross-section at 200x, b) top surface at 1k, c) top surface at 10k, d) cross-section 

at 1k, and e) cross-section at 15k magnification. 

 

One of the most phenomenal result of the CLP structure of the anode is the achievement 

of an ideal average tortuosity of 1.003 with very low CV value of 0.59 as plotted in figure 11. A 

normal distribution curve of the tortuosity because the median and mode are very close to the mean; 

the median is 1.003 and the mode is 1.002. Traditional anodes typically have a tortuosity value 

between 1.25 and 2 [52-54]. Therefore, it is concluded that all the CLPs in our sample have 
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produced the shortest continuous path from the top surface to the bottom surface. This is paramount 

when compared to traditional SOFC electrodes because during SOFC operation at 800 ºC, very 

low tortuosity would result in the most efficient gas transport for both hydrogen gas from inlet and 

produced steam at TPBs of anodes. 

 

Figure 11. Distribution of tortuosity values of continuous linear pores in NiO-YSZ. 

 

Figures 12 a) and b) show the morphology the carbon fibers we used at different 

magnifications at 1k and 20k, respectively. The surface of the carbon fibers is free from residue 

and deformities despite not having a washing procedure; this suggests that the carbon fibers we 

used is a good sacrificial template without any further treatments. The mean diameter of the carbon 

fibers is 7.9 µm (CV: 8.78) from SEM images. By comparing figures 10 c) and e) to figures 12 a) 

and b), respectively, it is clear to see that the shape of the linear pores resembles the shape of the 

carbon fibers. The figure 12 is the diameter distribution of unidirectional carbon fiber bundles, 
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CLPs at top/bottom surface of the sample, and CLP in the cross-sectioned sample from SEM 

images. Table 3 shows the quantification for the central tendency of the distribution plots. The 

mean, median, and mode for all plots are significantly close to each other. This suggests that all 

distribution plots have a normal distribution and the CV is an accurate indicator for the uniformity 

of the diameters. The mean diameters of the entrance points have more variation than the mean 

diameters measured from the side view of the linear pores because the top surface is not completely 

flat. The uneven surface distorts the true cross-sectional shape of the linear pore and produces 

variations in the measurement. The mean diameters measured at the top and at the side are 

considerably close to the mean diameter of the carbon fibers. Moreover, the diameter variation of 

the linear pores is almost as low as the diameter variation of the carbon fibers. This suggests a 

potential control over the size and uniformity of the linear pore dimensions by tuning the 

dimensions of the carbon fibers. Lastly, the significantly low diameter variation of the carbon 

fibers signifies that the UCF are uniform and an ideal material for producing defined uniform linear 

pores. 

 

Figure 12. Scanning electron microscopy images of unidirectional carbon fiber bundles at: a) 1k 

and b) 20k magnification. 
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Figure 13. Distribution of diameters of: a) unidirectional carbon fiber bundles, b) continuous linear 

pores at the top/bottom surface of the sample, and c) continuous linear pores in the cross-sectioned 

sample from SEM images. 

 

Table 3. List of mean, median, mode, and coefficient of variation of diameter distribution of CLPs 

on a top surface, and a cross-sectioned surface of a sample, and unidirectional carbon fibers 

 Mean Median Mode CV 

CLPs on a top surface of a sample 7.4 µm 7.5 µm 7.5 µm 22.97 

CLPs on a cross-sectioned surface of a sample 6.9 µm 7 µm 7 µm 11.35 

Unidirectional carbon fiber 7.9 µm 8 µm 8 µm 8.78 

 

The diameters of the linear pores from the top view are 6.3% smaller than the diameters of 

the carbon fibers; the diameters of the linear pores from the side view are 13.7% smaller than the 
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diameters of the carbon fibers. The diameters of the linear pores are smaller than the diameters of 

the carbon fibers because of pore shrinkage during sintering at 1200 ºC for 2 hours [27]. Pore 

shrinkage during the densification process of sintering occurs when the decrease in pore surface 

energy is greater than the surface energy for grain boundary growth; the thermodynamic relation 

can be represented in the equation [55]: 

𝑁 <
2𝜋𝛾𝑠𝑣
𝛾𝑔𝑏

 

N is the pore coordination number or number of particles around the pore, γsv is the specific surface 

energy of the pore and γgb is the specific grain boundary energy. In the case of the continuous 

linear pore, the pore coordination number is very large because there are a lot of particles around 

the linear pore. Therefore, the specific energy of the pore must be immense compared to the 

specific grain boundary energy. 

 

3.1.2 Morphological comparison to other studies 

Many studies have also researched different methods of tuning the porous structures to 

improve transport; similarly, all tuning focuses on orienting the pores to be perpendicular to the 

inlet surface and shaping the pores to have low tortuosity. For example, as seen in figure 14, Pan 

et al. constructed SOFC samples with aligned pore structures that were a result of the percolation 

of small increments of rod-like pores and oriented perpendicular to the inlet surface [40]. Similarly, 

Kang et al. used a multi-step sacrificial template made of anodic alumina oxide (AAO) to fabricate 

aligned and continuous nanosized functionally graded pores [56]. Chen et al. fabricated an anode 

substrate with long-shard like porous structures using a freeze tape casting method; it exhibited a 
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minimum tortuosity factor of 1.3 or tortuosity of 1.14 [11]. Likewise, Lichtner et al. created a 

cathode with aligned macro pore channels using a freeze-casting method; it had a minimum 

tortuosity of around 2 [57]. Yoon et al. used laser ablation to create a uniform array of cone-shaped, 

micron-sized pores oriented perpendicular to the inlet surface [41]. As seen in figure 14 and table 

4, the multistage templating method employed by Kang et al. and the laser ablation method of 

Yoon et al. are costly because of AAO material cost and laser processing cost, respectively. The 

only low-cost methods are freeze-casting, pore forming with paper fibers, and sacrificial 

templating with unidirectional carbon fibers. Unidirectional carbon fibers sacrificial templating 

method is the only low-cost method that produces pores that are continuous from inlet to 

electrolyte surface, micron sized, and is uniform in size and shape. 
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Figure 14. SEM images of pore morphologies in SOFC electrodes created by: a) Pan et al. paper 

fiber pore forming method, b) Kang et al. AAO sacrificial templating method, c) Chen et al. freeze-

casting method, d) Yoon et al. laser ablation method, and e) Litchner et al. freeze-casting method.    
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Table 4. List for a comparison of perpendicular linear pore structures from other literature 

Method 

Diameter 

of linear 

Pores 

Shape of linear 

pores 

Shape 

Uniformity 

Uniform 

Size 

Continuous 

from Inlet 

to 

Electrolyte 

Surface 

Cost 

Paper fiber 

pore forming 

[40] 

5 µm 

Percolation of 

small segments 

of cylindrical 

pores 

No No Yes Low 

Freeze casting 

[42, 57] 

10-100 

µm 

Functionally 

graded shard-

like pores 

(tortuous at one 

end) 

No No Yes Low 

Multistage 

AAO 

templating 

[56] 

20-200 

nm 

Rectangular 

shaped 

channels with a 

1 µm layer of 

graded pores 

(tortuous at one 

end) 

No Yes Yes High 

Laser ablation 

[41] 
-225 µm 

Up-side down 

Cone shape 
Yes Yes No High 

Sacrificial 

templating 

using 

unidirectional 

carbon fibers 

7-7.4 µm 
Cylindrical 

shape 
Yes Yes Yes Low 

 

3.2 UCF decomposition and crystal structure analysis 

The XRD analysis in figure 14 confirms that a) the carbon fibers used is amorphous 

because of its broad peak of the (002) at 2θ = 25.9 º and its absence of the peak of (004) [58]. This 

indicates that the surface of the carbon fibers used have functional groups on its surface such as 

hydroxyl, carboxyl, and amine groups. This suggests that the surface is hydrophilic and does not 

require further surface treatments to have a good dispersion of carbon fibers in the water-based 
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NiO-YSZ slurry during slip casting [59]. And, the other two XRD patterns show the existence of 

a) the YSZ cubic phase at 2θ = 30.2, 35.0, 50.3, 59.7, 73.8, 79.5, 81.7, and 84.3 º and b) NiO cubic 

phase at 2θ = 37.4, 43.5, 63.0, 75.5 º [60, 61]. This suggests that sintering at 1200 ºC with a 2-hour 

holding time at 5 ºC/min is enough to densify the green body with no phase changes of NiO and 

YSZ. The XRD also confirms, when comparing the XRD patterns of the sintered Ni-YSZ anode 

with the carbon fiber, the broad (002) peak at 2θ = 25.9 º is not shown in the sintered plate XRD 

plot. This result indicates that there is no carbon source because of the complete thermal 

decomposition of carbon fibers. On top of this, in figure 15, the TGA curve of the pristine carbon 

fibers also confirms the complete thermal decomposition at 1000 ºC in air atmosphere at a heating 

rate of 5 ºC/min. This result suggests that the carbon fibers have been fully decomposed before the 

Ni-YSZ has fully sintered. Nevertheless, the shape of the carbon fibers is maintained in the form 

of CLPs after complete thermal decomposition of the carbon fibers. Conclusively, the complete 

decomposition of carbon fibers from TGA and XRD results proves that carbon fibers we used are 

effective sacrificial templates for the fabrication of defined CLPs and does not leave carbon 

sources in the sintered anode. 
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Figure 15. X-ray diffraction patterns of a) raw unidirectional carbon fiber bundles, b) NiO-YSZ 

powders, and c) a sintered NiO-YSZ anode. 

 

 

Figure 16. Thermogravimetric analysis of raw unidirectional carbon fibers under air atmosphere 

with a heating rate of 5 ºC/min. 



42 

 

 

3.3. Potential effects: Increase in open pores 

The figures 16 a) and c) illustrate a traditional porous Ni-YSZ and a porous Ni-YSZ with 

CLPs before the first operation, respectively, from the cross-sectional analysis. And, the figures 

16 b) and d) depict a possible scenario of a traditional porous Ni-YSZ and a porous Ni-YSZ with 

CLPs. The traditional porous Ni-YSZ contains both open pores and closed pores as depicted in 

figure 16 b). Open pores are the pore network that is connected from the top inlet surface to the 

bottom electrolyte surface; this pore network is used to facilitate mass transport of hydrogen gas 

and steam. Closed pores are isolated from the pore network and disallows mass transport. Figure 

16 c) shows the morphology of CLPs in the anode which are derived from the SEM analysis. 

Figure 16 d) highlights there are much less closed pores in the anode system with CLPs because 

the existence of CLPs would increase number of open pores in the system, compared to the 

traditional porous anode. 
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Figure 17. Schematic morphologies of a) a traditional porous Ni-YSZ before the first operation, 

b) during operation, c) a porous Ni-YSZ with micro-scaled continuous linear pores before the first 

operation, d) during operation. 

 

3.4.1 Elemental mapping analysis 

Figures 17 a) and b) are the EDS mapping images of the top surface and cross-sectioned 

view of the sample; it reveals the dispersion of the NiO and YSZ phases. Evidently, each elemental 

map depicts a good dispersion of each element. This suggests that the NiO and YSZ phases are 

not clustered and have a good distribution, resulting in a good percolation of both phases [15, 62]. 

Therefore, a good percolation creates more pathways for oxygen ions and electrons to travel to 

and from active TPB sites. TPB sites are only considered active when its YSZ phase is in 
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connection with YSZ phases that are connected to the electrolyte, and its Ni phase is in connection 

with Ni phases that lead up to the current collector on the inlet surface. 

 

Figure 18. Energy-dispersive x-ray spectroscopy maps of a) top surface and b) cross-sectioned 

side of a porous NiO-YSZ with continuous linear pores: raw images, Y (red), Zr (green), O 

(magenta), and Ni (blue). 

 

3.4.2 Potential Effects: Increase in Active TPBs 

Figures 18 a) and b) depict a comparison of numbers of active TPB and inactive TPB sites 

in a traditional porous anode and a porous anode with micro-scaled continuous linear pores. Red 

dots indicate active TPB sites in open pores and yellow-filled dots inactive TPB sites in closed 

pores. All TPB sites refer to the interface between any pores, a Ni phase, and a YSZ phase. The 

interparticle pore phases are assumed to have the same dispersion and percolation in both cases. 

In figure 18 a), a traditional porous anode system contains nano-sized interparticle pores. And, 

those pores are categorized into open pores and closed pores according to whether the pores are 

connected or not. Thus, the TPBs inside of the closed pores are inactive TPBs. In contrast, as 
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depicted in figure 18 b), the existence of micro-scaled CLPs is expected to increase the existence 

of open pores inside of an anode. Thus, there is a greater number of active TPBs in a porous anode 

with CLPs, resulting in an increase in the performance of SOFC. 

 

 

Figure 19. Schematic comparison of numbers of active TPB and inactive TPB sites in a) a 

traditional porous anode and b) a porous anode with micro-scaled continuous linear pores. Red 

dots indicate active TPB sites and yellow-filled dots inactive TPB sites. 

 

In figure 19, the EDS mapping images supports this discussion. Figure 19 a) is an elemental 

mapping of the top view of the anode with CLPs and the black circles represent the top view of 

the CLPs. Also, because the CLPs are open pores, any interface between the Ni phase and the YSZ 

phase on the border of a CLP is considered an active TPB site. Evidently, there is a high 

concentration of active TPB sites around the border of the CLP. Figure 19 b) depicts the elemental 

mapping for the side view of the CLPs and the walls that are between each CLP. All areas within 

the inner walls of the CLPs are considered open-pore phase. Therefore, all interfaces between the 

NiO phase (purple) and the YSZ phase (green) on the inner walls of the linear pores are considered 
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active TPB sites. And, the inner walls are connected to nano-scaled open pores inside of the wall 

between micro-scaled TPBs. This suggests that the existence of CLPs reduces the number of closed 

pores in the porous anode and increases the active TPBs in that system. Conclusively, the 

combination of nano-sized pores and micro-scaled CLPs increases numbers of active TPBs, 

resulting in an increase in the performance of SOFC. Furthermore, because the amount and size of 

the linear pores can be tuned by changing the amount and the diameters of carbon fiber templates, 

there is a possibility that the numbers of TPB sites can also be controlled. 

 

 

Figure 20. a-1) An SEM image of top view of a porous NiO-YSZ with micro-scaled CLPs, a-2) 

an overlapped EDS mapping image on a-1), b-1) an SEM image of cross-sectioned side view of a 
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porous NiO-YSZ with micro-scaled CLPs, and b-2) an overlapped EDS mapping image on b-1). 

Purple is the NiO phase, green is the YSZ phase, black in a-1) and a-2) is the pore phase. 

 

3.5 Potential Effects: Mass Transport Improvement 

As seen in figure 20 a), the pore system in the anode with only interparticle pores renders 

the mass transport of steam out of the system inefficient because of an increased mean free path 

of steam molecules and Knudsen effect.  The highly tortuous pore passages increase the mean free 

path of H2O gas molecules inside of nano-sized pores because they frequently bounce with walls 

of the narrow pores as well as the other gas molecules. Therefore, the H2O vapor molecules in the 

pore channels that are narrower than 100 nm experiences a bottle neck for mass transport because 

of Knudsen diffusion. This inefficient transport of steam is one of the major problems of the current 

SOFC system because accumulated steam molecules decrease the overall concentration of H2 gas 

inside of the anode. As a result, less reaction occurs at TPB sites of the anode [37]. Moreover, 

steam can also react with the Ni, create undesirable Ni phases that cause Ni to agglomerate, cause 

degradation in the Ni-YSZ, and further decrease SOFC performance [37, 63]. As depicted in figure 

20 b), the existence of the micro-scaled CLP decreases the mean free path and Knudsen diffusion 

of steam molecules, provides the most efficient path for the mass transport of steam, and retains 

the high concentration of H2 gas molecules even near at the interface between the anode and the 

electrolyte. Therefore, the vector sum of mass transport of steam upwards towards the exit surface 

in the anode with both interparticle pores and CLPs is considerably greater than that of in the anode 

with only interparticle pores. 
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Figure 21. Scheme for mass transport behaviors of produced steam at active TPBs inside of a) an 

anode only with interparticle pores and b) an anode with interparticle pores and CLPs. 

 

 Chapter 2, 3, and 4 are currently being prepared for submission for publication of the 

material. Cheung, Carson; Choi, Seongcheol; Graeve, Olivia A. The thesis author was the primary 

investigator and author of this material.  
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Chapter 4 

Conclusions and Future Works 

The structure of micro-scaled continuous linear pores and nano-sized interparticle pores 

were successfully fabricated in a NiO-YSZ anode by using complete thermal decomposition of 

embedded unidirectional carbon fiber bundles during sintering. The uniform CLP with a mean 

pore diameter of 7 µm (CV: 11.35) and a mean tortuosity value of 1.003 (CV: 0.59) were achieved. 

Moreover, the diameter, and density of the CLP can be controlled by changing the size and the 

amount of carbon fibers inside of the green body. Furthermore, it was confirmed that the carbon 

fibers are a quality candidate because it decomposes well before the NiO-YSZ sintering 

temperature, but it still molds high quality CLP and does not affect the crystal structure of the NiO-

YSZ. It was also discussed that the CLP has potential effects that increase numbers of open pores, 

increase the active TPB sites, and improved gas transport. Conclusively, by using a porous NiO-

YSZ with CLP structure, it is expected to drastically increase the performance of SOFC in the 

future work. 

 Future works will consist of the experimentation of a method to evenly distribute CLPs 

throughout the NiO-YSZ anode. It imperative to first promote the dispersion of the UCFs in order 

to eliminate any agglomeration of CLPs throughout the whole NiO-YSZ anode. The dispersion of 

UCFs can be achieved by immersing them in an aqueous solution with a hydrophilic dispersing 

agent, such as a cellulose nano crystal-PVA mixture [64] The cellulose nano crystals imparts a 

negative charge to the surface of the carbon fibers and causes repulsion to occur between coated 

carbon fibers. The PVA will promote the hydrophilicity of the carbon fibers. Also, by creating 

more slits in the silicone rubber and depositing more UCF arrays into the silicone rubber, the 
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distribution of the carbon fibers is increased. As a result of dispersing and increasing the 

distribution of the UCFs, an even distribution of CLPs throughout the NiO-YSZ anode can be 

achieved. 

 After the fabrication of a NiO-YSZ anode with an even distribution of CLPs, an LSM 

cathode will also be molded using the novel sacrificial templating method. Building linear pores 

in the cathode is especially important because concentration overpotentials are significantly higher 

than that of the anode. The high overpotential is because the composition of oxygen in air is only 

21% [37, 65]. Therefore, larger pressures of air need to be supplied into the cathode in order to 

reach the TPBs closest to the cathode-electrolyte surface and maximize the usage of all TPBs in 

the cathode. When this phenomenon is combined with the high tortuosity problem in traditional 

electrodes, the concentration overpotential is considerably increased. Figure 21 depicts how the 

cathodic concentration overpotential dramatically increases with increasing current density, while 

the anodic concentration overpotential remains constant [65]. In other words, to produce a higher 

current density a higher concentration of air or higher pressure of air is needed. The alternative to 

this solution is to decrease the cathode thickness or to significantly increase the effective diffusion 

coefficient [37, 65]. Therefore, by constructing CLPs with low tortuosity in the cathode, the 

concentration gradient between the surface and the cathode-electrolyte interface will be minimized 

and the rate of oxygen transport to all TPBs will be maximized.   
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Figure 22. Trend of concentration overpotential vs current density for both anode and cathode 

[65]. 

 

 Performance analysis of an SOFC with electrodes with both CLPs and interparticle pores 

will then be conducted along with a baseline SOFC with no linear pores in both electrodes. The 

two types of performance analysis typically done for SOFC’s are current-voltage (j-v) 

characterization and electrochemical impedance spectroscopy (EIS). j-v characterization 

summarizes the electrical output with respect to general electrochemical parameters [66]. Power 

density and current density with respect to temperature and flow rates can easily be analyzed using 

this method. EIS is used to investigate the impedance or overpotential that is producing resistance 

for the SOFC’s electrochemical performance [66]. 

 Chapter 2, 3, and 4 are currently being prepared for submission for publication of the 

material. Cheung, Carson; Choi, Seongcheol; Graeve, Olivia A. The thesis author was the primary 

investigator and author of this material.  
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